I. INTRODUCTION
This paper describes a truly field-portable instrument capable of search and verification of nuclear materials. The benefits of this work are realized in a wide spectrum of applications that include Arms Control, Nuclear Safeguards, Environmental Management, Emergency Response, and Treaty Verification. In addition, we characterize our instrument for use as an environmental screening tool by Xray fluorescence analysis of heavy metals.
Instrumentation for high-resolution spectrometry that is presently available for the applications described above is physically large, requires high power, and incorporates a liquid-nitrogen cooled detector ksembly; these aspects limit its use in field applications and covert operations. Therefore, this work focuses on the use of an ambient temperature detector, low-power electronics, and hand-held operation.
DE'IECTORS

A. Detector Selection
There are currently no ambient temperature detectors known that provide both the high efficiency required to conduct a reasonable search, and the resolution necessary for isotopic analysis. Developing an ambient temperature system to satisfy this need for analyzing radionuclides has been a challenge for a number of years. Most of this type of analysis work has been in conjunction with liquid nitrogen (LN) cooled germanium (Ge) detector systems in laboratories. Obviously, the logistics necessary to support a cooled Ge system has always been a problem outside the laboratory. Since our instrument is intended to provide both a search mode and an isotopic analysis mode of opefation, a dualdetector system approach was adopted.
The first detector needed was one capable of high sensitivity searches. Sodium iodide (NaJJ detectors have been used in this capacity for some time. These detectoxs are available in almost any size and configuration and will provide high enough resolution to determine the presence of radionuclides of possible interest. A system of this type is currently available from ORTEC (ScintiPack 296 and a NaI detector) and will be integrated with the MicmN0MA.D to fulfill the needs of the search mode detector.
The detector to be selected for the confirmation, or verification mode of operation, had to meet several requirements. The most critical of the requirements were moderate resolution and stable temperature characteristics.
The resolution requirement was determined to be ~3 % on 57Co (122 kev). Three detector technologies met these requirements though only two were available in quantity; cadmium telluride (CdTe), and cadmium zinc telluride (CZT). CdTe also has the benefits of both increasing the resistivity of the material several orders of magnitude and raising the bandgap from 1.47 to 1.6 eV. The higher resistivity allows for larger detectors and the requisite higher bias voltages necessary for improved charge collection. The higher bandgap reduces the bulk generated leakage current providing better ambient temperature operation. It was for these reasons that CZT was chosen for the isotopic analysis detector. In an effort to remain consistent, the FWHM data presented in this paper will be calculated using absolute counts from the baseline. The peak amplitude of the energy line of interest will be divided by two, and the width of the pulse height distribution at that level will be used. "his method of determining the FWHM takes into account the effects of low energy tailing from charge collection problem associated with the detector. Another paper [3] , written by the authors and also presented at this conference, addresses this issue.
B. Measurement Techniques
C. CZT Detector Characteristics
The first obstacle to overcome was the design of a low The risetime data from a 2 x 2~2 mm CZT detector is shown in Fig. 1 and 2. A single charge collection waveform is shown in Fig. 1 . This is a typical CZT charge pulse showing a fast risetime with characteristic slow charge collection at the top of the pulse. Fig. 2 is an average of lo00 charge collection risetime waveforms. These signals were taken from the output of a modified ORTEC 142PC charge sensitive preamp. A pulse risetime distribution for this material shows a small percentage of slow charge collection components. The high resistivity of CZT (do" Q-cm) allows for a higher bias 
ELECTRONICS
A. CZT Electronics
Even with improved CZT material, noise (primarily shot noise), poor hole-mobility, and charge trapping contribute to less than ideal energy resolution. Therefore, the preamplifier and filter amplifier have been designed to minimize these effects. All front-end electronics currently use integrated circuit operational amplifiers (IC opamps) and will use surface-mount technology in the final version.
The prototype system that has been designed and tested is shown in Fig. 3 . This first prototype design has limited Fig. 3 . Block Diagram of the Prototype CZT System correction for poor charge collection, but achieves excellent reduction of spectral noise. source and a 5~5x5 mm CZT detector is shown in Fig. 4 In previous designs, this portion of the preamplifier was usually a hybrid circuit, which is physically larger and has higher power consumption. Power is further reduced in this design by running IC1 on a single ended supply (+12V). The preamplifier sensitivity is 2OVlpC and has a rise time of 24 ns.
The amplifier stage is voltage sensitive and is composed of a low noise, high bandwidth opamp preceded by a differentiator and pole-zero compensation network. Coarse and fine gain controls allow adjustment for processing 241Am (60 keV), "Co (122 kev), or 137Cs (662 kev) full scale.
Further power reduction is accomplished by establishing a voltage reference that allows the remaining circuitry to run on the single-ended supply.
A two-stage Sallen-Key filter was designed using opamps IC3 and IC4. This circuit has two pairs of complex poles and was found to be very stable. This circuit also has a sharp An example of a spectrum obtained using a The second stage of the filter was designed with a higher Q than the fust stage This design achieves improved performance and results in a nearly Gaussian output pulse Shape.
B. Portlzble Multichannel Analyzer
Both the high-efficiency search detector and the highresolution analysis detector require a multichannel analyzer. The MicroNOMAD is a 1.5-lb., battery powered, portable gamma-ray spectrometer developed especially for this application. The block diagram is shown in Fig. 5 . The unit consists of an amplifier suitable for NaI, 2k ADC, spectrum stabilizer, microprocessor and memories, as well as parallel, RS-232, and RS-485 ports. The internal amplifier can be bypassed when using CZT with its optimized amplifier described above. Both the ScintiPack NaI probe and the CZT probe connect to the MicroNOMAD using a single cable. The unit is small, only 7x7~21 cm, and requires c 1.5 W. Its 8 AA batteries will operate the unit for over 8 hours.
Field-mode operation allows the MicroNOMAD to record multiple spectra at the push of a button or the scan of a bar code. Each acquisition is performed in accordance with the preset values of real time, live time, gross ROI counts, or mak ROI counts. Up to 63 512-channel spectra can be 
N. APPLICATIONS
A. Uranium Analysis isotopic analysis of uranium has been performed using 2 x 2~2 mm and 5x5~5 nun CdZnTe detectors with samples of Fig. 6 Uranium Spectrum with High Resolution Detector (484 e V at 100 keV) 25sU enrichments ranging from 3% to 50%. We use a spectrum analysis technique incorporated in G R P W 2 1 that fits 23sU, 258U, and U K X-Ray response profiles to data in the 89-to 100-keV region of a gamma-ray spectrum From the relative magnitudes of the 23sU and z38U profiIes, we determine the 235U enrichment with an accuracy of about 10% with CdZnTe detectors.
The result of using GEWANL is shown in Fig. 6 and 7.
The analyzed output using spectra from a high resolution Fig. 6 . The enrichment is determined by the ratio of the 23sU and 238U peaks located between 92 and 94 keV. In this case, the sample was 10% eMched uranium. The same sample was analyzed by the 5~5x5 mm CZT.detector system and the resulting GRPANL data is shown in Fig. 7 . The resolution of the CZT system is markedly worse (2.9 keV for CZT and 484 eV for the LEPS detector), but the software was still able to fit the peaks accurately enough to give the same result. The CZT system was then used to analyze several uranium samples of differing enrichments. This data is shown in Table 1 . The amount of time necessary for spectral acquisition was extremely long due to the fact that 1 gram samples were used. A commercial instrument using this technology would certainly benefit from larger detectors resulting in better efficiency. The enrichment analysis required a detection system resolution of <3% at 100 keV to be able to adequately discriminate between peaks that were closely spaced in terms of energy.
B. X-ray Fluorescence
The CZT detection system was used to characterize lead by X-ray fluorescence. A lead sample was illuminated by a 57Co source. Fig. 8 shows the resulting spectrum and verifies the ability of this system to be used as an 
Procedures for Semiconductor X-ray Energy Spectrometers
While performing detector characterizations, it was noted that charge trapping appears to be the dominant factor in resolution 0 degradation. This is even true in detectors that have significant shot noise as a result of high leakage currents (240 nA). This data supports the need for more research to better understand charge transport mechanisms in this material. In addition, signal processing techniques will be applied in order to address the charge collection problems associated with these ambient temperature detectors.
(ANSUIEEE Std. 759-1984).
VI. m R E N C E S
[l] E. Raiskin and J. F 
